ABSTRACT A novel flight control method for a fixed-wing unmanned aerial vehicle (UAV) is provided, which uses only synthetic jet actuators (SJAs) to achieve thrust vector control of the fixed-wing UAV. Firstly, the fluid model of the engine jet (or primary jet) and the SJAs are built, and the relation between the deflection angle of the primary jet and the amplitude of vibrating membrane of the SJAs is obtained. Secondly, based on the relation, a SJAs-based thrust vector control pitching motion model of the UAV is built. Thirdly, considering parameter uncertainties, unmodeled dynamics and unknown external disturbance of the system, an adaptive back-stepping sliding mode control (ABSMC) law is proposed, and pitching motion of the UAV is achieved by using only the SJAs-based thrust vector control. Finally, some simulations are conducted to analyze and verify the effectiveness of the flight control method. The results show that the thrust vector produced by the SJAs can enable the pitch control of the UAV and the ABSMC performs well in the presence of parameter uncertainties, unmodeled dynamics and unknown external disturbance of the system.
I. INTRODUCTION
In the last years, the fixed-wing UAVs are widely studied for their wide applications [1] - [5] . At present, for the fixed-wing UAVs, how to improve their maneuverability and decrease their weight have become the main hot research areas. Thrust vector is originally envisaged to provide upward vertical thrust as a means to give aircraft vertical or short takeoff and landing ability. Subsequently, people realized that thrust vector enabled aircraft to perform various maneuvers not available to conventional-engine aircraft. Currently, there are two main methods for thrust vector: vector nozzles and secondary fluidic injections. For the former method, turbofans with rotating nozzles or vanes are used to deflect the exhaust stream [6] . It can successfully deflect thrust through as much as 90 deg. Most currently operational vectored thrust aircrafts use the method. But the mechanical complexity of the method is quite troublesome. It increases the mass and cost of the aircraft while reduces stealth capability. And the control response is slow, which is not safe enough for some emergencies. Moreover, the heat dissipation and life of the components at high temperatures are challenges. For the latter method, the exhaust stream is deflected by secondary fluidic injections [7] - [10] . Study results show that air forced into a jet engine steam can deflect thrust up to 15 deg. The structure is mechanically simpler, resulting in less mass and cost. In addition, this method also enhances stealth capability and speeds up the control response. But the secondary fluidic requires a complex air supply and injection system, which will increase the weight of the engine. In addition, the thrust vector control using secondary fluidic injection results in total thrust losses. So the pros and cons of these methods require a comprehensive assessment.
SJA is an electrically driven device which doesn't need any air supply and injection system. Since the 70s, it has been found to be a useful assistant technique to improve the aerodynamics [11] - [13] . And it is used to restrain the separation of boundary layer of the wing to increase the stall angle and the lift at high angle of attack. Many studies have shown that SJA can also achieve a larger thrust vector deflection angle than secondary fluidic injections. So VOLUME 6, 2018 This work is licensed under a Creative Commons Attribution 3.0 License. For more information, see http://creativecommons.org/licenses/by/3.0/ SJA has become more and more widely used in flow control [14] . However, the use of SJA to achieve thrust vector control is still in the research stage. Smith and Glezer [15] , Luo et al. [16] and Pack and Seifert [17] implemented the main work. They have studied the physical factors of a primary jet vector control using SJA. Firstly, ''pull mode'' (SJA is mounted outside the primary's exit) is more efficient than ''push mode'' (SJA is mounted inside the primary jet) [18] , [19] . Then the exit configuration of the SJA is well studied. They studied four types of configuration: even exit [18] , step exit [15] , slope exit [20] , and slope-step exit [21] . Results show that the slope angle, the step length, the width of the exit slot and the distance from the synthetic jet to the primary jet play important roles in the deflection of the primary jet, and the slope-step exit configuration is the most effective. Next, the drive parameters (the amplitude of membrane and the drive frequency are the two main parameters) are also studied in [16] , [18] , and [20] . The amplitude of membrane of the SJA influences the momentum coefficient, and this coefficient determines the deflection angle of the primary jet. Drive frequency has an optimal value which is the resonance frequency of the membrane. The results inspire us to use SJA to deflect the thrust vector to realize flight control. In this paper, a novel fixed-wing UAV with two SJAs is designed, and only the thrust vector generated by the SJAs is used to achieve its pitch control. In order to get good results, the configuration of SJA is chosen according to the literature [21] . The drive frequency of the SJA is fixed, and the amplitude of membrane of the SJA is regarded as the control input.
Backstepping control, adaptive control and sliding mode control have been widely used in the nonlinear systems [22] - [29] . The backstepping approach provides a recursive method for stabilizing the origin of a system in strictfeedback form [30] . In this work, the kinetic equations of the pitching motion of the UAV are reduced to the corresponding form of backstepping control. All the parameter uncertainties, unmodeled dynamics and unknown external disturbance are considered, and these uncertainties' boundaries are unknown. The sliding mode control is used to tackle those uncertainties, but it requires the system uncertainties must have a prior knowledge of boundaries [31] , [32] . Besides, the adaptive control is able to adapt to a controlled system with parameters which are varied or initially uncertain [33] . Hence, we use it to autonomously estimate the parameters of the sliding mode control if the uncertainties have unknown boundaries. Finally, an ABSMC is designed for the picthing motion of this UAV.
Our contributions mainly include:
1) The fluid model of the engine jet (or primary jet) and the SJAs are built, and the relation between the deflection angle of the primary jet and the amplitude of vibrating membrane of the SJAs is obtained. 2) Based on the relation, a SJAs-based thrust vector control pitching motion model of the UAV is built. 3) Considering parameter uncertainties, unmodeled dynamics and unknown external disturbance of the system, an ABSMC is proposed, and pitching motion of the UAV is achieved by using only the SJAs-based thrust vector control. There are mainly three advantages of our method over other methods. Firstly, compared to the traditional control surfaces, the thrust vector control can realize the control effectiveness at high angle of attack even though the UAV is stall. Secondly, instead of the traditional mechanical thrust vector control, the SJAs-based thrust vector control eliminates the need for additional blowing air sources and reduces the structural complexity. Therefore, the aircraft weight could decrease notably and the delay in control process would be relieved. At last, the proposed control method can adapt to uncertainties with unknown boundaries and realize more precise tracking performance than other control methods.
The remaining sections are organized as follows. In Section 2, the fluid model of the engine jet (or primary jet) and the SJAs are built, and the model of the fix-wing UAV with SJAs is presented. In section 3, an ABSMC is designed for the UAV. Section 4 is devoted to the presentation of the simulation results obtained for the pitching motion. Finally, conclusions are presented in Section 5.
II. DYNAMIC MODEL A. THE MODEL OF THE ENGINE WITH SJAS
There are four typical configurations of SJAs as mentioned in the introduction. In order to get better results, we chose the fourth configuration described in [21] . Since one SJA can only deflect the primary jet to the direction where the SJA is equipped, we use two SJAs to realize the deflection of two opposite directions. The locations and detailed dimensions of the two SJAs at the engine outlet are shown in the Fig.1 . The slope angle ϕ = 27 deg is defined as the angle between the centerline of the primary jet conduit and the exit slot wall of the SJA. The step length sl = 2 mm is defined as the onesided extension of the actuator exit. The width of the exit slot, the width of the primary jet conduit and the distance between the synthetic jet to the primary jet are fixed in our work, that is, h = 1 mm, H = 16 mm and d = 4 mm, respectively.
The vibrating membrane of the SJA is excited electrically by voltage. A computational model for SJA called X-L model [34] is adopted. The details of the vibration of the membrane and the flow outlet of the SJA are shown in Fig.2 . For an arbitrary point X (y, l) on the membrane, the axial velocity u y (l, t) and radial velocity u l (l, t) are given as follows:
In the equations (1) and (2), f is the forcing frequency, A m is the amplitude of the vibrating membrane, l is the distance from the point X to the center of the membrane, r is the radius of the metal membrane and ϕ 0 is the original phase of the membrane. In this work, f = 500 Hz, r = 25 mm and ϕ 0 = 0 deg. A m is a variable that will be used as a control input. Fig.3 shows the computational domain and grid of SJA. The distributions of the two SJAs are symmetrical and they work in turn, so we only simulated one SJA. In order to accurately calculate the boundary layer and the interaction between the primary jet and the synthetic jet, the grid near the wall and exit of the jet are properly refined. The incompressible flow solver INS2D is employed in the simulations. The governing equations are as same as those in [20] . The RNG k-epsilon two-equation turbulence model (denoted as RNG k − ) is employed to close the system of equations. A velocity inlet condition was adopted along the primary jet inlet boundary, and a velocity inlet condition was specified along the membrane as equation (1). Pressure outlet conditions were employed along the free boundaries, and noslide wall conditions were applied along the solid walls. The computational cases employed in the simulations are given in Table1:
Firstly, we figure the velocity at point E which is on the centerline of SJA's exit at x = 100 mm. u 1 is the velocity at point E, u 1x is the X-axial velocity at point E, and u 1y is the Yaxial velocity at point E, respectively. The details have been marked in Fig.2 . Fig.4 , Fig.5 and Fig.6 show the profiles of u 1x , u 1y , and u 1 at point E in case 1, respectively. We can find that u 1x and u 1 approximate to a sine function, respectively, and they are almost symmetric about the X-axis. But u 1y is always greater than zero. According to the paper [20] and [35] , the stream-wise component of the momentum flux of the SJA plays a little positive role in the entrainment as well as a negative role in the deflection of primary jet, but the cross-stream component of the momentum flux mainly plays a positive role in the entrainment of the primary jet. So the existence of u 1y will enlarge the deflection of the primary jet, which verifies that the SJA configuration we use is the best one.
The time-average vector angles of the primary jet are computed according to the strategy in paper [36] . But the reference line chosen in our paper is x = 200 mm where the flow is fully developed. The computational results for all cases in Table 1 are listed in Table 2 . The u 1x max and u 1y max in Table 2 are the maximum of the velocity component u 1x and u 1y , respectively.
A traditional momentum coefficient is defined as (3) according to paper [37] .
However, we figure the relation between the component of u 1 , the amplitude of the membrane and the velocity of primary jet in Fig.7 and Fig.8 . Fig.7 shows that u 1xmax and u 1ymax are almost impervious to U e while they have a linear relation with A m . Fig.8 shows the u 1x and u 1y for different U e in one SJA cycle and the profiles are almost the same for different U e . So, we can conclude that u 1 is determined by the amplitude of the membrane and is almost impervious to the primary jet.
The relation between A m and the voltage has been studied a lot, so A m is a more convenient variable than u 1 for us to control. Therefore, we define a new momentum coefficient as (4) and the results have been listed in Table 2 .
Next, we fit the relation between the deflection angle δ and the new momentum coefficient, the result (Fig.9) shows that the relation between the deflection angle δ andC µ can be divided into two parts: I),C µ ≤ C 1 ; II)C 1 <C µ < C 2 . Where C 1 ≈ 0.137 and C 2 ≈ 0.308.
In the part I, δ has a linear relation with theC µ , it can be expressed as:
where a = 327.429. The correlation coefficient satisfies R 2 = 0.991 which guarantees the rationality of the linear fitting. The result indicates that the deflection angle increases asC µ increases whenC µ ≤ C 1 . Obviously, the entrainment of the SJA is enhanced asC µ increases in part I, so the deflection angle increases. But in the part II, the deflection angles are almost unchanged while theC µ increases. WhenC µ is large enough, the pressure difference is very large at the two side of the exit of the primary jet, nearly all flow deflects to the exit of the SJAs and they are completely mixed. The configuration of the SJA's exit and the wall will limit the increase of the deflection angle. The flow will be even more complicated if C µ continuously increases.
However, a deflection angle of 30 deg is large enough for practice and application, so our focus is the part I.
Substituting equation (4) into (5), we can get the relation between the deflection angles δ and the amplitude of mem-
From the results in paper [16] , the primary jet deflected after the SJA working for 0.05 s, this time is relatively small compared with the response time of the fastest loop (about 2 s). Hence, we assume that the deflection of the primary jet is synchronized with the SJA. Then, the amplitude of membrane A m is regarded as the control input to realize the demand deflection angle. The following work is to design a thrust vector controller using A m as the input. The relation between A m and δ can be rewritten as equation (7).
The sign(δ) in equation (7) will be explained later.
B. THE MODEL OF THE FIX-WING UAV WITH SJAS
The mathematical model of the fixed-wing UAV with thrust vector is derived from a fixed-wing UAV which has a jet engine configured with two SJAs. In order to obtain the model equations, we omit any flexible configuration of the UAV, then the fixed-wing UAV is considered as a rigid body. The physical parameters can be seen in Fig.10 . In this paper, only the pitching motion is taken into account. The equations of motion of the fix-wing UAV as followṡ
where V is the velocity, γ is the flight path angle, θ is the pitch angle, q is the pitch rate and α is the angle of attack. T x and T z are the corresponding component of the engine thrust force T , respectively. The aerodynamical effects on the UAV are captured by the lift force L, drag force D and the pitching moment M . M T is the pitching moment produced by the component T z . I y is the moment of inertia around the y-axis of the body frame. The variable δ represents the deflection of the thrust force controlled by SJAs. Since the deflection angle of the thrust force is not very large (usually |δ| ≤ 30 deg), we have:
The lift force L, drag force D, and the aerodynamic pitching moment M are expressed in terms of their aerodynamic coefficients:
whereq = 1 2 ρV 2 is the dynamic pressure, ρ is the air density, S is the wing platform area andc is the mean aerodynamic chord. According to the Aerosim user's guide [38] , the corresponding aerodynamic coefficients in equations (15) to (17) are
In the equations (18), (19) and (20) the items effected by the traditional control surfaces are omitted, because we take only the deflection of the thrust force into account. C L0 is the lift coefficient at zero angle of attack and C α L is the variation (first-order derivative) of C L with respect to the angle of attack. C D0 is the minimum drag coefficient of the UAV, e = 0.75 is the Oswald efficiency number and AR = b 2 /S is the aspect ratio. C m0 is the pitching moment coefficient at zero angle of attack, C α m is the variation (first-order derivative) of C m with respect to the angle of attack and C q m is the variation of C m with the pitch rate.
The pitching moment M T produced by the thrust vector is
where x T is the thrust point offset.
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III. CONTROLLER DESIGN OF THE UAV
In this section, an ABSMC is designed for the flight path angle control. In this work, the magnitude of the airspeed V is assumed to be constant, so we use only equations (9), (10) and (11) to design the controller. As T changes more slowly than q, components of T are taken as external disturbances. Although we don't take into account the effect of control surfaces in equation (18) to (20) , the existence of those control surfaces still makes a certain difference. The effects of control surfaces are taken as external disturbances too. In addition, we also take into account the dynamic uncertainties (such as uncertainties of mass or moment of inertia) and other external disturbance (such as gust).
Then the dynamics of the UAV can be rewritten aṡ
Remark 1: A 1 and A 2 are unknown parameters in equations (22) and (24), respectively. They include all the unmodeled dynamics, parameter uncertainties and external disturbance mentioned above. Especially, A 2 includes the errors in equation (6) 
or (7).
Assumption 1: Assuming that |A 1 | < ω 1 and |A 2 | < ω 2 , where ω 1 and ω 2 are unknown positive constant.
Defining
, then substituting equations (6), (7), (13)-(21) into equations (22) - (24), we geṫ
where
Lemma 1: For a SISO nonlinear systemẋ = f (x) + u + A, where x is the state, u is the input and A is an unknown parameter which satisfies |A| ≤ ω ( ω is an unknown positive constant). If we define the sliding manifold as s = x − x d , then the following adaptive sliding mode controller (35) and (36) can make the system stable and x → x d when t → +∞.k
where k 1 and σ are positive parameters. Proof: A Lyapunov candidate is chosen as follow
The derivative of (37) with respect to time is given bẏ
From (38), we can find thatV 0 is negative semidefinite, so V 0 is bounded, hence, s and k 2 are both bounded according to equation (37) . Integrating both sides of the equation (38) with respect to time, we get the following equation
so |s| 2 2 is also bounded. According to the Barbalat Lemma, |s| 2 2 → 0 when t → +∞, that is, x → x d when t → +∞. Lemma 1 has been proofed.
In order to design the ABSMC, a sliding manifold for x 1 is designed as
where γ d is the desired flight path angle command. The derivative of s 1 with respect to time iṡ
whereγ d is the derivative of the desired flight path angle command with respect to time. Assuming that the state variables in (25) are measurable, then according to lemma 1 the nominal virtual control for (25) can be designed as followsk
According to equation (29), we know that g 1 > 0, so k 12 is a parameter effected by the adaptive parameter σ 1 . k 11 and σ 1 are positive constant control parameters for us to design. The third term on the right side of equation (43) is designed to overcome the uncertainty A 1 . A Lyapunov candidate chosen for this step is given by
where ω 1 is defined in remark 1. The derivative of (44) with respect to time is given by:
After x r 2 is designed, a second sliding manifold for the dynamics of x 2 is designed as below
So the derivative of s 2 with respect to time iṡ
Remark 2: Theẋ r 2 can be obtained through a tracking differentiator (TD) [39] , so does theẋ r 3 mentioned later. A brief introduction of TD designing is given as follows.
where z 1 and z 2 represent the state variables of TD, κ is the maximum actuation available in the system. For an appropriate value of κ, the TD states z 1 and z 2 will approach to x r 2 andẋ r 2 , respectively. The TD has a very desirable frequency filter response and a much smaller phase shift compared to linear filters, while maintaining an extremely flat gain over the bandwidth. What's more, the derivative of a signal can be obtained with a good signal-to-noise ratio. Hence,ẋ r 2 can be obtained by design a TD for x r 2 . Similarly, the nominal virtual control for (26) can be designed as followṡ
where k 21 and σ 2 are positive control parameters for us to design. k 22 is a parameter effected by the adaptive parameter σ 2 . The item g 1 s 1 in (50) is introduced to remove the coupling between s 1 and s 2 . A second Lyapunov function involving sliding manifolds s 1 , s 2 and adaptive errors can be obtained as follow
The derivative of (51) with respect to time is then given bẏ
3 is designed, a sliding manifold of the subsystem (27) is designed as
Then derivative of s 3 with respect to time is given bẏ
Hence, the ideal ABSMC input for the whole system is designed as followṡ
As mentioned earlier, one SJA can only turn the primary jet in one direction where the SJA is mounted, so we need two SJAs mounted opposite and the two SJAs work alternately. From equation (33), we know that the sign of g 3 is decided by sign (δ) and g 3 decides which SJA works. If δ > 0, the under SJA works, else if δ < 0, the upper SJA works. The third Lyapunov candidate is chosen as follow
The derivative of (57) with respect to time can be written aṡ
Theorem 1: For the system (25), (26) and (27), if we choose the (43) and (50) as the nominal virtual control, (56) as the control input, (42), (49) and (55) as the adaptive control laws, where k 11 , k 21 , k 31 , σ 1 , σ 2 , and σ 3 are positive controller parameters, the whole system is stable and s → 0 when t → +∞ which means γ → γ d when t → +∞.
Proof: From equation (58), we can obtaiṅ 
So |s| 2 2 is bounded, s → 0 when t → +∞, according to the Barbalat Lemma, that is,
Because the velocity V is assumed to be constant and subsonic in this work, assuming that the thrust force has the following relation with the airflow velocity in the nozzle of the engine as a simplification.
where λ = 0.2. To compute the initial value of the UAV, we choose equations (62) and (63) as the simplified form of equations (8) and (9) . Since T changes slower than other states, T is regarded as an open loop control.
To avoid the chattering in the ABSMC, the sign functions in equations (43), (50) and (56) are replaced by
IV. SIMULATION RESULTS
In order to show the performance and efficiency of the ABSMC on the fixed-wing UAV using SJAs, we conducted some simulations on flight path angle control. The key parameters of the UAV can be found in the configuration file of Aerosonde UAV in Aerosim blockset [38] , and some important parameters are given in Table 3 . The initial states of UAV are γ 0 = 0, α 0 = 0.0763 rad, T 0 = 11.5507 N, δ 0 = 0.1894 rad and flight height h = 1000 m. The parameters chosen for the ABSMC are k 11 = 40, k 21 = 8, k 31 = 8, σ 1 = 0.01, σ 2 =0.1 and σ 3 =1. The real mass and moment of inertia of the UAV is 1.2 times of those in Table 3 , and the real aerodynamic coefficients are 80 % of those in Table 3 . That is,
The system uncertainties A 1 and A 2 have the following expressions 
Where the third term on the right side of equation (65 
Firstly, we simulate the thrust vector using the ABSMC for a constant flight path angle command
Simulation results are shown in Fig. 11, Fig. 12 and Fig. 13 . From 11 we can find that the flight path angle reaches the command γ d = π/2 in less than 2 s, meanwhile, the steadystate error almost converges to zero. It means that the UAV is vertical climbing, although it is in a level flight state 2 s ago. This maneuverability is very useful for the fixed-wing UAV, especially in some particular tasks. From Fig. 12(a) we can find that the thrust force reaches saturation at about 1 s. Fig. 12(b) shows both SJAs are work in turn according to the cycle of external disturbance. From Fig. 13 we can find that the pitch angle approach to flight path angle and the angle of attack is near 0 when the UAV is stable. As for the traditional control surface, the flow separation occurs at an angle of attack about 0.3 rad. However, as shown in Fig. 13 , in the initial phase, the angle of attack almost reached 1.2 rad, where the UAV has already stalled before, which means the traditional control surface has also failed before. Basing on this, it can be seen that SJAs-based thrust vector control has about 4 times larger range of adaption of angle of attack than the conventional control surface.
Then, the pitching motion for a time-varying command is simulated. The command γ d is expressed in equation (68).
The simulation results are shown in Fig.14, Fig.15 and Fig.16 . Fig. 14 shows the flight path angle tracking results. The profile of the flight path angle is almost identical to the command signal, and we can also see from the tracking error profile that the tracking results are very good in the presence of unmodeled dynamics, parameter uncertainty and external disturbance. The Fig.15 shows the thrust force and control inputs. It can be seen that the characteristic frequency of the change in thrust magnitude is almost the same as the frequency of the command signal, and the characteristic frequency of the SJA's A m is a characteristic frequency coupling value between the command signal and the external disturbance. Fig.16 shows the change of angle of attack and pitch angle during the simulation, the profiles are a sine function which have the same period with command signal γ d . Figure 17 is a comparison of the tracking of the fight path angle among three methods, ABSMC, back-stepping sliding mode method and back-stepping method. The command γ d = 0.5 rad. On one hand, it shows that the overshoot of ABSMC is 1.6 %, while the overshoots of the other two methods are 3.4 % and 4.8 %, respectively. On the other hand, the ultimate upper bound of tracking error of these three methods is 0.0009,0.0070 and 0.0094, respectively. It is not hard to calculate that ABSMC could improve tracking accuracy approximately 7.8 and 10.4 times than it of the other two methods. Obviously, the ABSMC method proposed in this paper is faster response than the back-stepping method and back-stepping sliding mode control, what's more, the ABSMC method has the least tracking error.
V. CONCLUSION
In this paper, we present a novel flight control method for a fixed-wing UAV which is equipped with two SJAs near its nozzle. The pitching motion of the UAV is solely implemented by the thrust vector produced by SJAs. First of all, the approximate relation between the deflection angle of the primary jet and the amplitude of membrane of the SJA is obtained by numerical simulations. The deflection angle of the primary jet is proportional to the new momentum coefficient that we have defined. Secondly, considering the presence of parameter uncertainties, unmodeled dynamics and unknown external disturbance of UAV, the approximate SJAs-based thrust vector control for pitching motion model of the UAV is built. Next, the ABSMC law is provided to tackle the system uncertainties and achieve tracking the reference flight path angle. Finally, simulations are conducted to verify the performance and efficiency of the flight control method for the UAV. Thrust vector induced by the SJAs is proved valid and the ABSMC method is also valid for the pitching motion control even though there are uncertainties with unknown boundaries. The application of SJAs in three-dimensional motion and the cooperative work of several SJAs will be studied in the future.
